Introduction
The present article proposes a computational stylometric authorship verification approach to contribute to the solution of the longstanding philological problem concerning Johann Wolfgang Goethe's (1749-1832) anonymous contributions to the journal Frankfurter gelehrte Anzeigen of 1772/73 ( FgA ). A plethora of philological research since the late 19th century has dealt with the question which of the FgA's Rezensionen has been penned by which author. Currently, the authorship of many of the anonymously published Rezensionen of the FgA is either unclear or attribution has to be regarded as tentative, as often based on rather vague philological and stylistic indicators. We present the research design for a more comprehensive project to identify all of Goethe's contributions to the FgA of 1772/73 using a well-tested and consistent stylometric method. Our preliminary goal is to test previous attribution attempts and to complement further stylometric arguments for cases where philological arguments did not provide sufficient evidence. Hence, the present article mainly documents and discusses the methods, considerations and results of the first project phase. First, we present and evaluate an authorship verification method, inspired by the so-called impostor approach against a corpus subset in order to determine whether the results indicate the approach will solve the research problem. The results, which we discuss in this article, did not only show that this is indeed the case, but also give the opportunity to observe how the proposed method performs on a rather difficult case and corpus. This case study will furthermore discuss modern computational stylometry in the context of linguistic and statistical approaches previously proposed to solve the FgA problem since 1903.
Status quaestionis, the historical problem
After Johann Conrad Deinet had bought the Frankfurter Gelehrtenzeitung (founded 1736 by Samuel Tobias Hocker) in 1771, the intellectual and literary journal was renamed Frankfurter gelehrte Anzeigen ( FgA ) and became the flagship journal of the "Sturm und Drang" movement in 1772, with Johann Wolfgang Goethe as the new editor-in-chief. The FgA authors vigorously engaged with the political debates of the emerging literary public of its time, in which literary journals played a key role (Martus 1 period of his contributions are yet to be determined. The so-called "Rezensionen" (i.e. review articles) of the FgA were published anonymously and were often redacted by the editors; some were even written collaboratively by multiple authors ("Protokoll-Rezensionen" , protocol reviews, Wolf 2013). The 2 anonymity of the contributions was on the one hand a conceptual decision in the spirit of new forms of collaboration that enable truthfulness ("Wahrheit"), deliberately avoiding the bias of authorial self-positioning and group formation ("Autorfesseln und Waffenträgerverbindungen", J.H. Merck ). On 3 the other hand, it served as a protection for the authors, especially when they touched upon religious and political issues. The owner of the journal, J. C. Deinet, was implicated in a number of religious legal complaints and lawsuits against particular contributions in the journal, which grew to a public legal struggle about the freedom of the press. Ultimately, Deinet was fined but spared from further damage through amnesty by the Frankfurt administration. After this conflict, the most prolific authors -among them Goethe -left FgA in 1773. 4 As a consequence, Goethe philology is still today confronted with a longstanding problem: the FgA of 1772/73 comprise nearly 900 pages of anonymous journal text, of which some is Goethe's. Around 40 authors wrote, co-authored or redacted the 396 Rezensionen , leaving the authorship question open in many cases . Previous authorship attribution attempts used philological arguments such as attribution in letters by the authors or editors wherever possible, but in the majority of cases had to rely on rather vague interpretations of ambiguous indicators. Attribution is further complicated by the fact that Goethe as editor-in-chief redacted numerous Rezensionen by other authors, and, furthermore, reported in Dichtung und Wahrheit that he served as the keeper of the minutes during the discussion sessions that were used as the basis of the collaborative "protocol reviews" . Goethe self-attributed some of the FgA-Rezensionen by including them in his edition of his own works ( Goethe's Werke. Vollständige Ausgabe letzter Hand , Goethe 1827-30), but the evidential value of his late self-attribution remained controversial. The authorship of the majority of the FgA's Rezensionen has never been verified with systematically controlled or tested methods, despite considerable philological efforts to develop methods to attribute the texts based on philological, stylistic and linguistic features to the main authors of the 1772/1773 volumes.
In his 1865 study, von Biedermann claimed to have identified a review of Götzens erbauliche Betrachtungen as Goethe's that the author had not attributed to himself. Ever since, any scholarly 5 edition of Goethe's works has had to define which Rezensionen they would attribute to the author. A daunting task, as Georg Witkowski later notes: "With respect to the authorship of these Rezensionen we authors by statistical analysis of linguistic features of their style such as orthography, adverbs and conjunctions. This effort, however, was later rebutted for its allegedly questionable choice of base texts for these features (Oktavio-Bräuning 1911: 24-25) . The psychologist Karl Marbe ventured into early experiments with quantitative linguistics and phonetics in order to -without much scholarly successdiscern Goethe's specific prose rhythm (Karl Marbe, 1904 , 1912 fact that some of the reviews were actually translated re-publications from articles in English journals, first and foremost Gentlemans Magazine and Monthly Review .
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Max Morris (1909) and Hermann Bräuning-Oktavio (1911) dedicated large parts of their academic lives to this authorship attribution question, gathering large amounts of philological evidence in a number of monographs and articles. Where material, direct evidence for authorship attribution was missing, scholars had to rely on the often shaky grounds of attributing by notions of style and thematic preference, essentially hermeneutic arguments that based the attribution argument on the recurrence of meaningful, distinctive opinions, topics, distinctive phrasings ("kennzeichnende[] Lieblingswendungen" ) and (allegedly) individual spelling characteristics ("warrlich", "Schäckespear", 12 etc). Bräuning-Oktavio repeatedly criticized especially Morris for attributing FgA texts based on the weak evidential basis of distinctive phrasings. In many cases, thus, attribution of FgA texts largely relied on either direct external evidence or low-frequency, striking lexical or thematic characteristics, the latter posing a methodological problem in itself (Kestemont et al. 2016: 87 word functions such as nouns, adjectives, by taking into account lexicon variation and by analyzing words in 1st, 2nd, last position in the sentence. The formulation and weight of the latter feature is based on a hermeneutic assumption that these are the most significant for Goethe's individual style. The study used a software tool called LDVLIB developed by R. Drewek, a scarcely documented, early text statistical processor. Here as well, the base corpus of the study was very small and selective, with no control 17 group measures in place, as again the texts were solely taken from the FgA .
The FgA volumes of 1772/1773 are a corpus of 396 anonymous Rezensionen , between 1 and 7 pages in length. The articles have been penned and redacted by up to 40 authors, while there is a small number of known main contributors, amongst which the editor-in-chief Johann Wolfgang Goethe. Only for a few of the Rezensionen hard philological evidence is available to corroborate the authorship attribution. The idea that linguistic and statistical methods and style analysis might solve this problem has been around since 1903, but the initiatives were either short-lived or remained in a proof-of-concept state, while the early attempts operated on a small corpus basis from within FgA, did not have otherwise tested methods at their disposal and the question of a linguistic definition of style remained unanswered. Karin Haenelt's small-scale study was the first to attempt to introduce computational methods, leading to interesting results despite using only a small corpus and not being able to independently test the assumptions of the features and method used. We are convinced that with the recent advances in computational stylometric authorship verification, which provided research with well-tested methods, it is now possible to close in on the FgA authorship problem.
Present-day computational stylometric methods of stylometric authorship attribution and verification are benchmarked independently from the particular corpus, their linguistic definition of style and linguistic features abstracts from the individual author and their training data includes much larger corpora than ever before. Well-tested methods focus on inconspicuous, high-frequency and less variant features of an individual's style (Kestemont et al. 2016: 87) . Especially Goethe's writings and 18th, 19th century literature and journal corpora offer large amounts of training data needed to achieve reasonably precise results. The particular task of identifying Goethe's contributions to the FgA is an interesting challenge, as the writing samples are relatively short in length (1-7pp) and Goethe, as editor-in-chief, has redacted many articles and was involved in collaborative writing, e.g. as the minutes-keeper of collaborative "protocol reviews". The fact that Goethe was such a prolific writer is an advantage for the application of stylometric methods, and at the same time a challenge. The stylometric fingerprinting might be affected by the fact that the other writers to compare Goethe's style to have been much less productive, resulting in smaller corpora than Goethe's. His stylistic features may have changed over time, as the productive literary period of his life was exceptionally long.
Methodology

Setup
In order to verify the suitability of the particular authorship verification method for the purpose of securely attributing FgA Rezensionen to Goethe or reject the attribution, we ran a variant of a well-tested verification method against a number of controversial and challenging cases discussed by 18 Karin Haenelt as well as a few texts that have been attributed to Goethe and Herder on solid evidential basis in the past in a blind test setting. Blind test setting meant here that the person conducting the process was not aware of previous research and attributions of the unattributed texts to primarily test. The controversial and challenging test cases were selected to represent different lengths from 2 to 7 FgA pp, different previous self-attribution by Goethe and different degrees of attribution confidence by Haenelt. Our goal was to benchmark the method against previous research, especially regarding short text samples and cases known to be ambigous in previous stylometric attribution attempts.
The focus of our analysis is a selection of four texts that Haenelt marked as previously unattributed, suggesting an attribution by her own linguistic features: We furthermore tested a number of FgA texts that have been attributed to Goethe and Herder on solid external evidential basis in order to determine how strong the statistical signal for both authors are. These are:
Johann Wolfgang Goethe:
Digitising the FgA Rezensionen proved to be a challenging task, as FgA has been printed in Fraktur (German Gothic type). The precision of output of OCR-engines for Fraktur type is up till today not up to par with Antiqua type. As a result, we corrected the abovementioned controversial or unattributed FgA samples by hand, but the overall corpus had to be redarded as "dirty" OCR. The model of Goethe's style was based on a realtively "dirty" OCR corpus of Goethe's works. The style fingerprint of Herder and others were also trained based on texts external to FgA .
Attribution vs verification
Traditionally, stylometric authorship studies have been dominated by a problem setup that is today known as "closed-set attribution". In this approach, an authorship problem is cast as a conventional 19 classification task in text categorization. First, a standard algorithm from the field of text categorization is being trained on a set of reference documents or "training" material, for which the authorship is uncontested. The authorship of these documents are considered class labels, or a series of mutually exclusive categories to which each document belongs. Next, for evaluation purposes, the trained algorithm is applied to a set of previously unseen test documents (or "held out items") that have to be attributed to one of the candidate categories. The attribution results can then be compared against the ground truth for the test documents, which allows us to assess the performance of such a classifier.
This kind of simulation in closed-set attribution tasks is meant to approximate the real-life situation where an anonymous document has to be attributed to one of a series of previously known candidate authors. Naturally, the caveat associated with this type of simulation -which is often compared to a line-up situation -is that this does not correspond to many real world scenarios: often it cannot be guaranteed that the actual author of an anonymous documents is among the candidate authors that the classification has analyzed during training. Recently, the field of stylometry has therefore turned its attention towards more demanding, but also more realistic experimental setups.
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Authorship verification, also known as open-set attribution, is the experimental setup where attribution algorithms can no longer assume that the author of a test document is necessarily among the available set of candidate authors. Regarding classification, this setup is essentially identical to the attribution problem, but it introduces an additional classification option: "none of the above" (i.e. the label which is applicable in the case that an anonymous document can and should not be assigned to any of the known candidate authors). Our experiments, reported below, are strongly indebted to some of the methodological innovations proposed in recent verification research. All code and data necessary to reproduce our experiments are available without restrictions.
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Preprocessing
The material available for calibrating our system comes in the form of OCR'ed texts of which the digitization strongly diverges and which abound in OCR artefacts. Although recent work has demonstrated empirically that automatically OCR'ed texts can certainly serve as a useful proxy for manually digitized data, we have tried to aggressively reduce the presence of digitization artifacts in The following preprocessing steps were taken: 1) Hyphenated word breaks at the end of lines have been corrected; 2) All texts were lowercased and all whitespace was converted to single spaces; 3) Instances of the long-s were converted into a standard s; 4) The unidecode package was applied to ensure a consistent encoding throughout the corpus ( https://pypi.org/project/Unidecode/ ); 5) Only alphabetical characters were retained (to avoid artefacts relating to differences in e.g. quotation rendering).
vector using a traditional bag-of-words approach. We extracted a vocabulary to represent our data, 24 coninciding with the 10,000 most common character tetragrams: these are overlapping sequences of 4 characters long that are extracted via windowing over the text (e.g. for this sentence, the first tetragrams would be 'we e', 'e ex', ' ext', 'extr', and so). In our model, we represent each slice through counting how often this vocabulary items appear in the slice.
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Calibration
The reference data, after splitting, amounted to 12,543 instances. We divided the available training texts into the 9387 slices by Goethe and the 3156 texts (certainly) not written by Goethe. Goethe slices significantly outnumbered the non-Goethe slices. To correct this imbalance, we resampled the Goethe data through restricting the Goethe samples to the most prototypical ones for his writing style. Both 26 the original and resampled per-author distribution of these slices are plotted below. After this resampling, we revectorized all slices using the same approach as above and created a stratified train-test split of the material, with 20% of the available slices as "anonymous cases" in test split.
We experimented with three attribution approaches on the resampled corpus:
1. Plain : a simple nearest neighbour classifier, that attributes a test text to of our three authors as follows: for each test text, we retrieve the closest neighbour's in the training set, i.e. we determine which slice in the training text has the most similar tetragram frequencies (according to the cosine distance). We then extrapolate the authorship of this nearest neighbour to the test item.
24 F. Pedregosa and others, 'Scikit-Learn: Machine Learning in Python ', Journal of Machine Learning Research , 12 (2011 ), 2825 -2830 As in previous work, we made use of a conventional TF-IDF weighting scheme to reinforce the weight of less frequently occurring, significant tetragrams. Finally, we also applied L1-normalization: consult the code for further details. All weights needed for this transformation were fitted on the basis of the reference texts only. 26 We calculated the mean feature vector (or geometric centroid) for the Goethe slices and only allowed the n samples which were closest to the mean (using the cosine distance as metric), with n being equal to the number of non-Goethe slices in the material.
Feature dropout :
We applied the plain classification scheme as above, but now 250: in each iteration, however, the distance calculation for determining the nearest neighbor was restricted to a random sample of 50% of the available character tetragrams (meaning that the other 50% of the tetragrams are "dropped out", hence the name). The test item is classified according to the most frequent classification in the series of iterations. 3. Slice dropout : We use the dropout scheme as in the previous approach, but, additionally, in each iteration, we limit the training material (from which the algorithm is allowed to select a nearest neighbor) to a random selection of 100 slices from the training material (not even guaranteeing that the test item's correct author would be in that set). Again, the test item is classified according to the most frequent classification in the series of iterations.
This methodology is indebted to the so-called "impostors" approach to authorship verification (although no impostors are included in our approach). The sampling of features in the dropout approach captures the intuition that evidence of common authorship should be stable enough to be visible across different random samples of features. The sampling of training material in each iteration (added in the slice dropout ) ensures that an attribution to an author is based on a stylistic similarity between test and training material that goes beyond the superficial similarity between specific pairs of texts in the data.
We evaluated our three approaches using the accuracy score (i.e. the simple proportion of correct attributions for the test text) and F1 score (a more technical variant of accuracy, that takes into account the fact that not every author is equally well represented in the material): The table above indicates the performance of the three attribution schemes discussed above in terms of accuracy and the F1 score (for a randomly selected test of 20% of the slices in the training material). These scores clearly show that applying the dropout-versions of the system leads to a significant performance improvement (with accuracies and F1-scores generally being very close to each other). The feature dropout adds quite a bit of performance to the naive nearest neighbour learner (+4% in accuracy) and adding also the slice dropout adds an additional improvement (+3% in accuracy). Below we plot the confusion matrix for the best experiment (slice dropout), visually supporting the intuition that the confusion between our three authors is minimal.
One interesting methodological caveat concerns the following: entire texts have been divided into slices before the train test division. This means that some samples in the test and training material will in fact have been extracted from the same text, meaning that our models might also capture this common textual origin (instead of only their authorship). In spite of this caveat, it is interesting to note that our results show that the sampling approach (both with the feature and slice dropout) still yield clearly the best results, indicating the robustness of the bootstrapped method for text classification. Note that this artefact, of course, cannot have an effect on the actual results for the anonymous test texts reported below.
Application to the anonymous texts
After calibrating the system, we applied the best performing setup (slice dropout) to a test set of anonymous texts, for which the authorship cannot be verified using traditional philological means. We focused on the texts marked as doubt cases by Haenelt. Three of them has been self-attributed by Goethe to himself, although the ascription has remained controversial. All four texts vary in length in the range of 2 to 7 pages ( FgA ). In the heatmap below, we plot the verification scores which can be obtained from applying the slice dropout setup: the columns show the proportion of Goethe and non-Goethe attributions during 250 iterations. This number can be interpreted as a probability score, indicating the robustness of an attribution to the category represented in the respective columns.
Note that these scores might generally seem low for Goethe, because the two other authors are collapsed into a single category. The above heatmap shows that the computational method applied consistently attributed known Goethe contributions to FgA (1) (2) (3) (4) with an attribution value larger than or equal to 0.22. The known Herder samples (1) (2) (3) (4) (5) (6) (7) all scored lower than this value (=< 0.19 
Conclusions
Considering the status of Goethe as one of the most important authors of German literature and world literature, it is striking that previous research did not reach a consensus on the authorship attribution question concerning his Rezensionen in the Frankfurter gelehrte Anzeigen of 1772/73 ( FgA ). Our article traced the research tradition of the authorship attribution problem concerning Goethe's contributions to the FgA and his editorship, indicating that despite the fact that lingustic, style identification and even early stylometric methods came into the view of philolgists since 1903, none of the discussed approaches has been applied to the whole corpus at large scale. These early proof-of-concept studies often used intuitive definitions of style, relied on closed-set approaches and operated on a limited corpus set defined by the FgA itself and few, isolated style examples taken from elsewhere in Goethe's works. 1966 and 1970, Bräuning-Oktavio, Thiele and Sparmann proposed "simple text characteristics" such as word frequency of definite article and expletives as stylistic markers to solve the authorship attribution problem, but did not reach a generalised, consistent definition of linguistic style markers. Sparmann was the first to apply such a lingustic method to a very small, FgA -only corpus, finding that texts by Merck might be distinguishable from Goethe's by his more frequent use of the definite article. Karin Haenelt's study, published 1984, was the first to propose computational methods and put them to work on a small number of test cases, based on a FgA -only corpus, yet her linguistic definition of Goethe's stylistic features was not tested and lacked methodological foundation. With the recent innovations in computational stylometric authorship verification research, a new, open-set road to solve the problem can be taken which utilises a generalised and well-tested definition of stylistic features that is being trained on large corpora. In our blind test trial run, the stylometric authorship verification method proved to be effective to confirm the attribution of known Goethe Rezensionen in the FgA , clearly distinguish Goethe's style fingerprint from Herder's, as well as largely confirm results for controversial and unattributed cases achieved by Haenelt's closed-set study. Methodologically, this is a large step forward, as the stylometric authorship verification approach as an open-set approach takes into account that the tested texts might have been penned by one of the almost 40 other authors, is based on a well-tested linguistic style model and is trained on a large corpus that is not FgA . The test run proved that the method works with reasonable accuracy despite the fact that for pragmatic reasons we had to work with a dirty OCR corpus in this case.
In three of the disputed or previously unattributed cases (2-4 Unverified), our method comes to the same conclusions as Haenelt's. In the case of 2 Unverified, the resulting score even suggests a stronger Goethe style signal than Haenelt's results. The controversial case of Cymbelline [...] yielded a result similar to Haenelt's: it is a borderline case. But in our test setup, the Goethe style signal just reached the attribution threshold and was actually stronger than the signal in some texts that have been attributed to Goethe based on external evidence. Therefore, while Haenelt had equal attribution scores for Merck and Herder, and decided to name Herder as most probable candidate, our results suggest to re-run our test with clean OCR training data and cross-verify for Merck and Herder in order to determine either Goethe's authorship or a possible collaboration between Goethe and Herder.
